Aberrant ventricular conduction (AbC) was produced in 52 subjects, including 14 normal volunteers, by the introduction of atrial premature beats through a transvenous catheter electrode. Simultaneous standard electrocardiograms and vectorcardiogams permitted detailed analysis of configuration. Multiple patterns of AbC were produced in 29 of 52 subjects. The general categories and their frequency were as follows: right bundle-branch block without significant axis shift from control, 31; right bundle-branch block with left axis deviation, 27; left axis deviation, 14; inferior axis deviation, six; right bundle-branch block with inferior axis deviation, seven; and complete left bundlebranch block, six. These patterns were believed to depend on the location of isolated or combined functional block in the major pathways of the specialized conduction system, which include the right bundle branch, common left bundle branch, anterior division of the left bundle branch, and posterior division of the left bundle branch. The present study has documented the general varieties of AbC, their relevance to clinical cardiology, and the varieties most likely to cause diagnostic difficulty. R.H.
Additional Indexing Words:
Atrial pacing Atrial premature beat Left posterior division block Incomplete bundle-branch block Ventricular hypertrophy Init ABERRANT VENTRICULAR conduction (AbC) is an alteration in the electrocardiographic complex which results from failure of a supraventricular impulse to complete normal ventricular excitation. Impulse propagation is altered because of a refractory In 1911, Sir Thomas Lewis noted several varieties of aberrant ventricular conduction which he hypothesized were the result of conduction disturbances in the smaller branches of the specialized conduction system.2 He believed that it would ultimately be possible to identify the sites of disturbed conduction.
A previous communication from this laboratory described the electrophysiological determinants of experimentally induced AbC in 17 subjects. 3 Thirty-five additional subjects Abbreviations used in this and subsequent tables: No. = number; ECG = electrocardiogram; RBBB right bundle-branch block without significant axis shift from control; RBBB LAD =right bundle-branch block with left axis deviation; RBBB IAD = right bundle-branch block with inferior axis deviation; LAD = left axis deviation; IAD = inferior axis deviation; LBBB = complete left bundle-branch block; ILBBB = incomplete left bundlebranch block; early repol = early repolarization; N = normal; LVH = left ventricular hypertrophy; N/S ST & T = nonspecific ST and T-wave changes; Inf. M.I. = inferior myocardial infarction; > = greater than; < = less than; AbC = aberrant ventricular conduction. 25 subjects with normal ECGs, 12 patients with left axis deviation (mean axis, -30°o r beyond), 10 with left ventricular hypertrophy, two with an R/ S ratio in lead V1 greater than 1, two with old myocardial infarction, and one patient with nonspecific ST and T-wave abnormalties.
The method of producing AbC by introduction of coupled or paired atrial premature beats through a transvenous catheter pacemaker was outlined in detail in a previous report.3 A 12lead ECG was recorded by means of several simultaneous leads, at least one of which was a reference lead clearly demonstrating changes of configuration due to aberrant ventricular conduction.
Electrocardiograms were displayed on a multichannel oscilloscopic photographic recorder (Electronics for Medicine or Sanborn 4560 series) at paper speeds of 25 mm/sec. Vector- cardiograms were obtained with a Frank lead system4 and were displayed on a Sanborn 1520 A system. Orthogonal leads were transcribed on a 3-channel Sanborn 2000 Ampex magnetic tape system at a speed of 712 inches/sec and were recorded in linear or loop mode on a Hewlett-Packard C04-197A oscilloscopic camera.
Results

Electrocardiographic Configuration of AbC
Multiple patterns of AbC were produced in 29 of the 52 subjects. The general categories of the AbC pattern and their frequency in each patient are presented in table 1 and summarized by clinical and control ECG group in table 2. The pattern frequencies for all 52 subjects were as follows: straightforward right bundle-branch block without significant axis change from control (RBBB), 31; right bundle-branch block with left axis deviation (RBBB LAD), 27; left axis deviation (LAD), 14; inferior (rightward) axis deviation (IAD), six; right bundle-branch block with inferior axis deviation (RBBB IAD), seven; and left bundle-branch block (LBBB), six.
In the major clinical group, the most frequent patterns were RBBB 26, and RBBB LAD 19 (figs. 1 and 2). Both patterns occurred in 14 patients. When right bundle-branch block AbC was induced in patients with pre-existing left axis deviation, the accompanying frontal plane axis was similar to control in one instance and shifted further to the left in seven instances ( fig. 3 ). In one patient with pre-existing LAD, right bundle-branch block AbC exhibited no change in axis or a further leftward shift.
Absence of a terminal S wave in lead I was noted with the RBBB LAD pattern of AbC in two normal subjects ( fig. 4 ), in a hypertensive patient with a normal control ECG, in a patient with ECG evidence of left ventricular hypertrophy, and in a patient with an R/S ratio in lead VI greater than 1.
Less frequent patterns of AbC were as follows: Left axis deviation occurred nine times in the major clinical grouping ( fig. 5 ). Six of 14 patients with pre-existing LAD had a greater leftward axis shift during AbC than was noted on their control ECG ( fig. 3 ). Incomplete right bundle-branch block, defined as a right bundle-branch block pattern of 0.08 to 0.11-sec duration,5 occurred in 20 of the 52 cases. In each instance it could be altered to complete right bundle-branch block by shortening the coupling interval. Incomplete left bundle-branch block occurred in six patients, as defined by criteria which included absence of Q waves (with or without slurring of the upstroke of the R wave) in leads "facing" the left ventricle (I, aVL, V5 and V6), small or absent r wave in lead V1 and a QRS duration of 0.08 to 0.11 sec. 6 7 Incomplete left bundle-branch block was accompanied by a shift in axis to the left in three cases ( fig. 9 ) and inferiorly in two cases ( fig. 7 ).
Initial Forces and AbC Pattern in
Leads V1 and V6
In the aberrantly conducted beats, the initial 0.02-sec to 0.04-sec forces corresponded to the comparable forces of the control beats 6 ). Lead V6 was recorded in 40 cases among the varieties of right bundle-branch block AbC. A summary of the R/S ratio in V6 is presented in table 4. An R/ S ratio in V6 greater than 1 was found in all 23 cases of straight-Circulation, Volumne XXXVIII, Novemiiber 1968 forward RBBB. A q was present in V6 in 16 of these cases. In 10 of 16 cases of AbC with the RBBB LAD configuration, the V6 R/ S ratio was greater than 1. A q V6 was present in nine of the 16 cases. Six subjects had both RBBB and RBBB LAD configurations. In each, the R/S ratio diminished with the latter pattern, and in three the ratio be- came less than 1 ( fig. 1 ). V6 was recorded in only one case of RBBB IAD; t-he R/S ratio in this case was greater than 1 and there was no q wave. height of R aVL greater than 1.1 mv,10 depth of S VI + height of R V5 greater than 3.5 mv.'0 A left ventricular hypertrophy pattern occurred during AbC in five subjects with a normal control ECG (three clinically normal). There were five examples of LVH pattern with an AbC pattern of RBBB LAD. One normal subject also had LVH pattern with LAD AbC (fig. 5 ).
By combining the criteria for RVH and LVH,810 a combined ventricular hypertrophy pattern was diagnosed in two normal subjects ( fig. 5 ). 
Vectorcardiograms
Aberrant ventricular conduction was recorded by vectorcardiography in 21 patients. Right bundle-branch block or its variants were recorded in 18 patients with control electrocardiograms consisting of eight normal (seven clinically normal), three patients with LVH, five with LAD, and two with R/S ratio in lead V1 greater than 1. In the eight normal subjects the aberrant transverse plane loop was anterior to the E point with a wide clockwise loop in three ( fig. 8 ) and a figure-of-eight in the remainder ( fig. 4 ). Of the 10 patients with abnormal controls ECGs who had RBBB AbC or its variants, four showed a counterclockwise loop in the transverse plane posterior to the E point except for initial and terminal anterior forces; three showed an anterior figure-of-eight pattern (fig. 2) ; one showed an anterior clockwise loop; and two showed dissimilar RBBB and RBBB LAD configurations. In one of the last patients the Circulation, Volum7e XXXVIII, November 1968 RBBB configuration had an anterior figure-ofeight pattern which was altered to a posterior counter-clockwise loop during RBBB LAD AbC. In the other case the sequence was reversed.
Examples of LAD, IAD, LBBB, and RBBB IAD were also recorded by vectorcardiography (figs. 3, 7 and 8).
Discussion
The specialized conduction system (SCS) comprises three major anatomic pathways for impulse propagation. Straightforward RBBB and LBBB patterns of AbC are readily accepted as reflecting functional block within the respective bundle branches. Physical pressure by a cardiac catheter on the septal surface of the right ventricular outflow tract in the area of the right bundle branch resulted in vectorcardiographic patterns of straightforward RBBB in 20 normal subjects.'3 Studies on dogs have expectantly and consistently shown patterns of bundle-branch block after surgical transection of the appropriate bundle branch.'4-17 Aberrant ventricular conduction has been shown in dogs by sophisticated recording systems to result from functional block within the right bundle branch or left bundle branch. [18] [19] [20] In theory the ECG pattern resulting from interruption of the common left bundle branch should be similar to the pattern resulting from transection of both the left anterior and left posterior divisions. For discussion, a left bundle-branch block pattern of AbC is assumed to result from isolated functional block of the main left bundle branch.
Extrapolation from ECG changes following isolated surgical block of a division of the left bundle branch in animals'17 21 strongly favors the concept that in man an AbC pattem of LAD results from functional block within the anterior division of the left bundle branch and that a pattern of IAD results from functional block within the posterior division of the left bundle branch. Grant22' 23 suggested that isolated block of the divisions of the left bundle branch could be identified by distinctive electrocardiographic patterns. He proposed that block of the left anterior division caused delayed activation of the anterolateral myocardium with resultant LAD. Strong supportive evidence for this view is Circulation, Volume XXXVIII, derived from the observation of acute LAD following selective transection of the left alnterior division in the primate heart24 and following a corrective incision in the left ventricular outflow tract in the area of the left anterior division in patients with muscular subaortic stenosis.25 Grant26 also postulated that interruption of the left posterior division would result in an inferior axis shift. Studies in dogs have supported this view.'17 21 Bilateral bundle-branch block has a variety of forms. Wilson and associates27 described degrees of LAD in combination with right bundle-branch block and suggested that a left bundle-branch subdivision might be pathologically involved in addition to the right bundle branch. In an extensive review of the electrocardiograms of patients with heart block, Lepeschkin29 categorized 74 cases of RBBB LAD into three types: Va, VI and Vb. Pathological changes were found in both right and left bundle branches in 24 of the 26 cases subjected to histological study, and it was suggested that a combination of complete block of the right bundle branch and block of the anterior subdivision of the left bundle offered the best explanation of types Va and VI. Because left ventricular hypertrophy was present in almost all cases of type Vb block, Lepeschkin's proposed etiology was complete block of the right bundle branch and a conduction disturbance of the left ventricular wall or of a small portion of the left bundle branch. Experimental production of RBBB LAD in the dog and the baboon heart by transection of the right bundle branch, combined with laceration of the left bundle branch, supports the specificity of the anterior division of the left bundle branch as a participant of the general pattern. 30 Because RBBB LAD denotes a form of bilateral bundle-branch block, it is not surprising that it is associated with a less favorable outlook than straightforward RBBB31 and has been noted in the presence of progressive cardiac conduction disturbances which ultimately result in Stokes-Adams attacks. 32 Richman and Wolff33 described an unusual electrocardiographic pattern in which the precordial leads resembled RBBB and the limb leads suggested LBBB. The pattern was called "LBBB masquerading as RBBB." Lepeschkin's later tern, "type VI," has previously been mentioned as a form of bilateral bundle-branch block. In the present study, five examples of AbC were noted in which a right bundle-branch block pattern was evident in the precordial leads but not in the limb leads because of an absent terminal S wave in standard lead I ( fig. 4 ). Neither RBBB nor LAD was present in the five control tracings, three of which were normal. In four of the cases RBBB AbC occurred in addition to this unusual type of RBBB LAD. In all instances of this unusual AbC pattern, marked LAD accompanied the precordial pattern of right bundle-branch block. The standard limb leads were not typical of LBBB because of the presence of a q wave in lead I. However, three of the original four cases, described by Richman and Wolff,33 and four of the 25 cases of pattern VI, described by Lepeschkin, had a q wave in lead I. It is hard to escape the conclusion that the aberrant pattern of the five cases under discussion was a manifestation of functional block of the right bundle branch and the left anterior division. Schaefer34 has esti-mated that 90% of electrical forces are cancelled by opposing potentials during myocardial activation. It is possible that pronounced leftward forces resulting from left anterior division block cancelled usually unopposed rightward terminal forces of straightforward right bundle-branch block.
The literature contains infrequent reference to RBBB IAD. It seems likely that this pattern results from block of the right bundle branch and the left posterior division. Rothberger and Winterberg35 attempted this combination of lesions in dogs while utilizing a forelimb and ano-esophageal lead system. The resultant pattern resembled right bundlebranch block only with respect to the terminal rightward forces represented in lead I. The usual superior forces that accompany uncomplicated right bundle-branch block in the dog were absent.
Incomplete Bundle-Branch Block
Incomplete right bundle-branch block occured in 20 of the 52 cases and in each instance was converted to complete right bundle-branch block by shortening the coupling interval of the premature beat. The refractory period of the specalized conduction system in the experimental animal gradually increases in duration from the bundle of His to the more distal Purkinje tissue. 36 Moore and associates15 demonstrated in the dog heart that transection of the distal right bundle branch results in incomplete right bundle-branch block, and transection of the proximal right bundle branch results in complete right bundle-branch block. The transformation of incomplete right bundle-branch block AbC to complete right bundle-branch block AbC by shortening the coupling interval between the normal beat and the premature beat has previously been reported3 and suggests that transformation to complete right bundle-branch block occurred because the propagating impulse was blocked at a more proximal point of the right bundle branch or was delayed longer in passage.
Incomplete left bundle-branch block AbC occurred in six patients, three of whom also had Circulation, Volume XXXVIII, November 1968 912 ABERRANT VENTRICULAR CONDUCTION complete left bundle-branch block pattern AbC. It has been stressed that convincing clinical evidence of incomplete left bundlebranch block lies in the rapid sequential demonstration of normal conduction, incomplete left bundle-branch block, and complete left bundle-branch block in the same patient.7 37 In the present study three patients demonstrated the required patterns (figs. 7 and 9). Furthermore frontal axis shifts occurred in five of the six examples of incomplete left bundle-branch block when compared to normal control conduction, three to the left and two to the right (inferior) (figs. 7 and 9) . Frontal axis shifts have been postulated to occur from block in either division of the left bundle branch; hence, in a functional sense there is a partial or incomplete left bundlebranch block. These data support the point of view expressed by Grant7 and Kassman and associates38 who believed it improbable that incomplete conduction could occur through the main left bundle branch. The difference between block that results in axis shift and that which results in fulfillment of electrocardiographic criteria for incomplete left bundle-branch block may be a matter of degree. Only three of 13 examples of LAD AbC, and two of seven examples of IAD AbC fulfilled the criteria for incomplete left bundlebranch block.
Criteria for Ventricular Hypertrophy
The present study clearly shows that voltage criteria for ventricular hypertrophy may be satisfied by an alteration of normal conduction. It has been suggested that RVH may be recognized by an increased amplitude of the secondary R wave in lead V, in the presence of right bundle-branch block.8 The present study confirms the opinion that a false-positive diagnosis may occur.39 Four normal subjects satisfied the criteria for RVH (R' greater than 1.5 mv). Two of the four had R' amplitudes of 2.4 mv and 2.6 mv, a magnitude previously described in the absence of RVH.39 Voltage criteria for LVH were satisfied in only one of five cases of LAD AbC with a Circulation, Volume XXXVIIr, normal control ECG. This was in a normal subject having a control ECG with early repolarization ( fig. 5 ). Control beats in the lateral leads demonstrated T-wave inversion during the induction of premature beats, a phenomenon previously described with hyperventilation and exercise. 40 The control T waves again became upright immediately after atrial pacing was discontinued. During RBBB LAD AbC, the criteria for LVH were satisfied in five patients with normal control ECGs (three of whom were clinically normal).
An aberrant ventricular conduction pattern of right bundle-branch block and left axis deviation met the criteria for LVIH as well as RVH in two normal subjects. Thus, the criteria for biventricular hypertrophy were satisfied by an induced conduction disturbance ( fig. 5 ).
Vectorcardiography has been advocated when the electrocardiographic diagnosis of RVH may be unreliable, as in the presence of an rsR' in ECG lead V, and conduction disturbances. 41 42 In such cases a clockwise loop in the transverse plane is stated to indicate RVH. The specificity of this criteria for distinguishing RVH from RBBB or confirming RVH in the presence of RBBB has become controversial, based on studies of patients with intermittent right bundle-branch block43 44 and experimentally induced right bundle-branch block in normal subjects. 13 Transverse plane loops which were counterclockwise during normal conduction became clockwise during right bundle-branch block. The results of the present study support previous reluctance to accept a diagnosis of RVH on the basis of a clockwise loop in the transverse plane. Three of eight normal patients had such a pattern with variants of RBBB AbC (fig. 8 ).
Two normal patients had AbC patterns of RBBB LAD with clockwise loops in the transverse plane. This pattern is stated to be indicative of extensive myocardial disease or cardiopulmonary disease,45" 46 and its production in the normal heart by an alteration in conduction excludes prerequisite pathology for this pattern of excitation. 913 COHEN ET AL.
Clinical Recognition of AbC
The differentiation of AbC from ventricular ectopia is difficult in the absence of recognizable P waves. Diagnostic aid to recognition of AbC has emphasized a right bundle-branch block configuration with an rsR' pattern in lead V1 (70% in AbC),47,48 a q wave and an R/S ratio greater than 1 in lead Ve6 (80% in AbC),49 and initial 0.02 to 0.04-sec forces which are similar to normally conducted control beats (44% in AbC) . 48 The results of the present investigation generally agree with these aids in the recognition of AbC. Eighty-two percent of RBBB AbC and its variants presented with an rsR' configuration in lead V1, 85% had an R/S ratio greater than 1 in lead V6 (fig. 1 ), and 62% had initial forces which were similar to control beats. Although an analysis of clinical ECGs showed that the chances are no greater than 4 in 100 of mistaking AbC for ventricular ectopia if the initial forces are similar to a control beat and an rsR' is present in lead VI1,48 the data from this study indicate that the chances are 1 in 6 (11/65) that a right bundle-branch type of aberrant beat will have a qR or R configuration in lead V1 and dissimilar initial forces from control ( fig. 6 ). When an attempt was made to distinguish which cases deviated from the expected morphology, it was clear that they were the cases of RBBB LAD and RBBB IAD. Straightforward RBBB AbC had initial forces similar to those of their control patterns 80% of the time, as compared to 43% for RBBB IAD and 41% for RBBB LAD. A qR or R V1 pattern was present in 50% of cases of RBBB LAD and RBBB IAD which had dissimilar initial forces. Similarly, RBBB LAD configuration AbC deviated from the stated expectation of a q wave and an R/ S ratio greater than 1 in V6 ( fig. 1 ). All of the straightforward RBBB AbC beats fulfilled the expectation of a V6 R/S ratio greater than 1 (24/24), but only 10 of 16 RBBB LAD AbC beats had a V6 R/S raito greater than 1, and only nine of 16 had a q wave. Lepeschkin29 noted an rsR' in lead V1 in only four of 29 cases of type Va RBBB LAD and an R/S ratio in V6 greater than 1 in only 15 of 28 such cases. He also noted an rsR' in lead V1 in only six of 25 cases of type VI RBBB LAD and in only seven of 15 cases of type Vb.
Because of the clear documentation of variations from expected patterning of RBBB LAD and RBBB IAD in clinical presentation and in experimental AbC, it is apparent that if analysis of ECG leads V1 and V6 is to be useful in the diagnosis of AbC, simultaneous recording of a lead which will reflect shifts in frontal axis (lead II or III) is required. This technique will permit accurate matching of V1 and V6 configurations with frontal plane representation in the presence of multiple configurations of AbC.
